Seven cultures of Borrelia burgdorferi differing from strains B31 and ZS7 were identified from among 99 isolates from Ixodes scapularis ticks and from white-footed mice (Peromyscus leucopus) and 1 isolate from an Ixodes dentatus tick. Five of the six novel isolates from I. scapularis and the isolate from I. dentatus were from ticks feeding on humans. The six isolates from I. scapularis lacked OspA and OspB, four possessed an OspD band, and two reacted with an anti-OspC monoclonal antibody. Restriction fragment length polymorphisms of HindIII-digested DNAs from six OspA-negative isolates did not hybridize with radiolabeled ospA or LA88 DNA, and only isolate 46047 hybridized with the pG gene. Fragments similar to those recorded for the standard B. burgdorferi sensu stricto strains B31 and ZS7 were obtained with the fla and the HSP70 genes. Pulsed-field gel electrophoresis patterns of DNA digested with MluI included the specific B. burgdorferi sensu stricto band at 135 kbp for the five OspA-negative isolates from I. scapularis ticks. The six novel isolates apparently lack the 55-kbp plasmid encoding OspA. The pG-containing plasmid may be missing from all but isolate 46047. The isolate from the I. dentatus tick was similar to previous isolates from I. dentatus ticks feeding on rabbits. None of the isolates could be recovered from inoculated C3H/HeNCrlBR or white-footed mice. All isolates reacted with sera from humans with early or late Lyme disease. Our studies demonstrate that these borreliae occur in ticks feeding on humans, and therefore, at least some humans in the northeastern United States are likely being exposed to borreliae other than the classic B31-type strains that have thus far been isolated from humans.
Lyme disease was responsible for more than 90% of the arthropod-associated illnesses reported in the United States during 1992 (18) . The principal vector of the etiologic agent, Borrelia burgdorferi (21) , in the eastern United States is Ixodes scapularis (16) , formerly known as Ixodes dammini, a distinct mitochondrial haplotype (31) .
Isolates of B. burgdorferi from humans in Europe exhibit antigenic heterogeneity (9, 40, 42) and have now been identified as three distinct species: B. burgdorferi sensu stricto, Borrelia garinii, and Borrelia afzelii (6, 17, 21) . In contrast, spirochetes cultured from persons diagnosed with Lyme disease in the United States have all been remarkably similar to the B. burgdorferi sensu stricto strain B31 (9, 12, 13, 29, 33, 36) . Furthermore, isolates from U.S. I. scapularis ticks likewise have been generally indistinguishable from the B31 strain (9) except for four isolates from upstate New York (5) . Cultured spirochetes from Ixodes pacificus, Ixodes neotomae, and Ixodes dentatus ticks, however, have shown extensive antigenic heterogeneity, as have strains recovered from dusky-footed wood rats (Neotoma fuscipes) and kangaroo rats (Dipodomys californicus) in California and from eastern cottontail rabbits (Sylvilagus floridanus) in New York State (4, 14, 15, 23) . We report here on isolates from I. scapularis ticks collected while feeding on humans or while questing that apparently lack the 55-kbp OspA-encoding plasmid. Additionally, we report on a strain differing from B31 isolated from an I. dentatus tick that had fed on a human.
MATERIALS AND METHODS
Isolation and growth of borreliae. One hundred isolates of borreliae cultured from unfed I. scapularis ticks (n ϭ 24), from I. scapularis ticks feeding on humans (n ϭ 39) or animals (n ϭ 25), from white-footed mice (Peromyscus leucopus) (n ϭ 11), and from an I. dentatus tick feeding on a human (n ϭ 1) collected in Connecticut, New York, New Jersey, and Maryland from June 1990 through December 1992 were tested for their similarity to B. burgdorferi B31 (Table 1 ). All borreliae were isolated in semisolid Barbour-Stoenner-Kelly medium (BSK) containing agarose and rifampin (7, 20, 22) . The specific methods for making isolations of spirochetes from ticks and mice were described previously (2) . Primary cultures were subpassed in liquid BSK without rifampin for analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with a variety of monoclonal antibodies (MAbs) directed against different epitopes. Aliquots of each original culture were frozen in liquid nitrogen.
SDS-PAGE and immunoblotting. Isolates that had been passed two or three times were compared with strain B31 by SDS-PAGE (9) . Each isolate was tested by SDS-PAGE in 15% polyacrylamide gels in a Hoefer SE250 mini gel apparatus (Hoefer Scientific Instruments, San Francisco, Calif.). Protein bands were stained with Coomassie brilliant blue R-250. Low-range SDS-PAGE standards (Bio-Rad Laboratories, Richmond, Calif.) were used to estimate the molecular weights of major proteins.
Proteins from each isolate were transferred from SDS-polyacrylamide gels to nitrocellulose membranes (Nitroplus nitrocellulose Transfer membrane; Micron Separations, Inc., Westboro, Mass.) with a Hoefer TE22 transfer apparatus (4, 37) . Membranes were exposed for 2 h to murine MAbs diluted 1:15 to 1:500 in Tris-buffered saline. Horseradish peroxidase color developer (4-chloro-1-naphthol; Bio-Rad) was used to visualize the reactions. The molecular weights of the protein bands that reacted positively in immunoblots were estimated with lowrange biotinylated SDS-PAGE molecular weight protein standards.
Nine immunoglobulin G (IgG) MAbs were used in the study. Three were against epitopes of OspA (H5332, H3TS, and 8C4BC) (9, 10, 35) , two were against OspB (H6831 and 7E6C) (8, 19) , two were against flagellin (H9724 and L41 1C11) (8, 41) , and one each was against OspC (L22 1F8) (41) and OspD (1C8-3B11) (30) .
Restriction fragment length polymorphism (RFLP) analyses. Plasmid-enriched genomic DNA was removed from 200 ml of each isolate grown to the stationary phase in BSK (7) . Approximately 7.5 g of DNA was digested with 5 l of HindIII (20 U/l). DNA was separated by electrophoresis on a 0.7% agarose gel and was transferred to a Nytran Plus nylon membrane (Schleicher & Schuell, Keene, N.H.). Following UV cross-linking of the DNA, the membrane was dried and hybridized with 32 P-labeled probes. Gene probes were derived from B. burgdorferi ZS7 and included the chromosomal probes fla and HSP70; ospA and LA88, which are on the same 53-kbp linear plasmid (37a, 39); and pG, which is on a 48-kbp linear plasmid (38) . The membrane was left in the 32 P solution at 65ЊC overnight and was autoradiographed on Kodak XAR safety film with intensifying screens at Ϫ70ЊC for 20 min to 12 h.
Pulsed-field gel electrophoresis (PFGE). Selected Borrelia isolates were grown to confluency in 20 ml of BSK-H (Sigma Chemical Co., St. Louis, Mo.) plus 6% rabbit serum. The cells were harvested by centrifugation at 8,000 ϫ g for 15 min. The cell pellet was resuspended in 300 to 500 l of EET (100 mM EDTA, 10 mM EGTA [ethylene glycol-bis(␤-aminoethyl ether)-N,N,NЈ,NЈ-tetraacetic acid], 10 mM Tris [pH 8.0]) and warmed to 42ЊC. Agarose plugs were made by diluting 1.6% SeaPlaque agarose (FMC BioProducts, Rockland, Maine) in EET heated to 60ЊC with an equal volume of resuspended cells for a final concentration of 0.8%. After the plugs (50 l) were soaked in MluI restriction buffer, MluI (3 l at 10 to 12 U/l) was added, and the plug was digested overnight at 37ЊC. A 1.2% Fastlane (FMC) agarose gel was used to separate the restriction fragments in a Bio-Rad CHEF-DRII electrophoresis chamber, and the gel was prerun (no voltage) for 1 h. Conditions for running the gel were an initial switch time of 1 s, a linear ramp with a final switch time of 10 to 15 s, and 200 V (6 V/cm) for 16 to 17 h. The pulsed-field gel was stained with ethidium bromide; DNA was visualized with UV light.
DNA fragments were transferred from the agarose gel to a Nytran membrane (Schleicher & Schuell) and were probed for ospA by using the ECL Direct Nucleic Acid Labeling and Detection System (Amersham, Arlington Heights, Ill.). The chemiluminescent 742-bp probe specific for the B. burgdorferi gene encoding OspA (32) was hybridized and detected as described previously (34) .
Inoculation and attempted isolation procedures. The infectivities of isolates with protein bands distinctly different from those of strain B31 were determined by syringe inoculation of second-through fifth-passage isolates in 3-week-old C3H/HeNCrlBR (C3H) mice, 7-week-old Syrian hamsters, or 6-to 20-week-old white-footed mice. All animals except the white-footed mice, which were reared in the laboratory, were obtained from Charles River Laboratories, Raleigh, N.C. White-footed and C3H mice were inoculated with 10 4 spirochetes intradermally into the upper right or left portion of the back or with 10 7 cells intraperitoneally into the lower left abdominal quadrant. Hamsters were inoculated only with strain 48081 by intraperitoneal procedures as described above. In addition, 1-day-old C3H mice were inoculated intracerebrally or intradermally with 10 4 or 10 6 spirochetes of strain 49736, and 1-week-old C3H mice were inoculated intradermally with 10 6 spirochetes of strain 49736 and were assessed for infection (culture) at 2 weeks after inoculation. The numbers of spirochetes were counted in a chamber (Hausser Scientific Partnership, Horsham, Pa.) by dark-field microscopy.
Attempts to isolate borreliae from blood and tissues of skin, bladder, spleen, kidney, joint, and brain from C3H and white-footed mice were made at variable times ranging from 14 to 101 days after inoculation. Attempts at isolation from hamsters were made 49 days after inoculation.
ELISAs. Class-specific enzyme-linked immunosorbent assays (ELISAs) were used to detect IgM and IgG antibodies to B. burgdorferi in 31 serum samples. Samples obtained from 25 persons who had early or late Lyme disease were chosen for analyses. The first study group (19 serum samples from 15 persons) consisted of patients who had histories of tick bites and physician-diagnosed erythema migrans. Blood samples were collected between 3 and 6 weeks after the onset of illness. The second group included 12 serum samples from 10 persons who also had erythema migrans and who subsequently developed arthritis. Blood samples were obtained from these subjects 6 weeks or later following the diagnosis of characteristic expanding skin lesions. Although information on the sources of serum specimens has been reported previously (24) (25) (26) (27) , records of antibiotic treatment were unavailable. Details on the materials (including control sera) and methods used in these tests and on the sensitivities and specificities of the antibody assays have been described previously (24) (25) (26) (27) .
RESULTS
Ninety-three of the 100 isolates described in Table 1 had protein banding patterns similar to those of B. burgdorferi B31 by SDS-PAGE. That is, they had similar patterns with prominent bands at 31, 34, 41, and 60 kDa. All 93 isolates reacted with MAbs to OspA (H5332 and H3TS) and to flagellin (H9724). Forty-five of the 93 isolates reacted with the antiOspB MAb H6831. In addition, 62 of these 93 isolates were tested with additional MAbs to OspA (8C4BC), OspB (7E6C), OspC (L22 1F8), OspD (1C8-3B11), and flagellin (L41 1C11). These 62 isolates all reacted with MAbs to OspA (8C4BC), OspB (7E6C), and flagellin (L41 1C11). Thirty isolates reacted with the anti-OspD 1C8-3B11, and six isolates reacted with the anti-OspC L22 1F8, although only three of the latter isolates reacted strongly. The other 7 of the 100 isolates had proteins distinctly different from those of strain B31 (Table 2 ). These isolates can be placed into two groups on the basis of their protein banding profiles in SDS-polyacrylamide gels ( Fig. 1 and 2 ) or reactions to MAbs (Table 3) . Six of the isolates were from nymphal or female ticks feeding on humans; one was from a host-seeking male I. scapularis tick.
Isolate 48080 from an I. dentatus nymph had prominent protein bands at 31 and 34 kDa, like strain B31 (Fig. 2) , but unlike strain B31, this isolate reacted only with MAbs H9724 Table 3 ). The remaining six isolates lacked OspA and OspB bands by SDS-PAGE (Fig. 1) . Four isolates (isolates 46047, 48510, 49736, and 50772) had distinct strong or weak bands at 28 kDa. These four isolates reacted with the anti-flagellin MAbs H9724 and L41 1C11 and the anti-OspD MAb 1C8-3B11 (Table 3) . None reacted with the two OspB MAbs, and with the exception of isolate 49736, none reacted with MAbs directed against OspA or OspC. Isolate 49736 reacted weakly with anti-OspA MAb H3TS and strongly with anti-OspC MAb L22 1F8.
Isolates 46794 and 48081 lacked OspA, OspB, and OspD protein bands (Fig. 1) . Both isolates reacted to the two antiflagellin MAbs H9724 and L41 1C11, and strain 48081 reacted weakly to the anti-OspA MAb H3TS and to OspC MAb L22 1F8 (Table 3 ). These two isolates did not react with the remaining MAbs tested.
RFLP analyses with five radiolabeled DNA probes were performed with the six isolates lacking OspA by SDS-PAGE and standard isolates representing three different European species of Borrelia. The patterns of HindIII-digested DNA hybridized with radiolabeled fla, ospA, pG, HSP70, and LA88 genes are summarized in Table 4 . In contrast to the three standard species tested, no fragments were apparent in the novel isolates with the 53-kb linear plasmid-encoded ospA and LA88 gene probes, and only isolate 46047 exhibited fragments at 1.8 and 3.8 kbp with the pG gene probe. A fragment of 1.5 kbp was present in all isolates and strain ZS7 with the fla gene probe. All six isolates from I. scapularis ticks possessed a 0.8-kbp fragment with the HSP70 gene, as did strains ZS7 and ACA-1; additionally, isolate 48510 had a second weak fragment at 0.9 kbp.
The PFGE patterns of DNAs digested with MluI exhibited diversity among five OspA-lacking isolates (Fig. 3 , lanes 4 to 6, 10, and 11). While all DNAs had digestion products at 135, 110, and 50 kbp, differences in the locations of other bands were apparent. The standard N40 B. burgdorferi sensu stricto strain (Fig. 3, lane 7 ) also had digestion products at 135, 110, and 50 kbp, but unlike the five new novel isolates, isolates B31 and N40 possessed a band at about 55 kbp which apparently corresponded to the plasmid encoding ospA and ospB.
The ospA probe hybridized only with PFGE blots containing the 55-kbp plasmid. There was no hybridization with the five isolates that apparently lacked this plasmid species.
In contrast to strain N40, which infected the three C3H mice tested, none of the novel isolates could be isolated from inoculated laboratory animals ( Table 5) . Flagellin   H5332  H3T5  8C4BC  H6831  7E6C  H9724  L41 1C11 B31 I. scapularis
Human serum samples reacted with all nine strains of B. burgdorferi tested by ELISAs (Table 6 ). In analyses for IgM antibodies, seropositivity was the highest (73.7 to 84.2%) when strains 48510, 48081, and 2591 were coated onto polystyrene plates. With the exception of strains 46047 and 49736, reactivities for the remaining strains exceeded 52%. In analyses for IgG antibodies in a separate group of sera, reactivities were likewise relatively high (41.7% or greater). When results for both groups are compared, ELISAs with strain 46047 appeared to have low levels of sensitivity.
Geometric means and ranges of reciprocal antibody titers were determined to compare the reactivities of sera in ELISAs with those of different strains of B. burgdorferi. Similar to previous results, geometric mean values for assays with strains 49736 (x ϭ 54) and 46047 (x ϭ 60) were markedly lower than those calculated for assays that included other strains (Table  7) . Differences ranged from about 3-to 10-fold in analyses for IgM antibodies and from about 2-to 10-fold in tests for IgG antibodies. Maximal IgG antibody titers (1:40,960) were usually four-to eightfold higher than those recorded in IgM antibody analyses of a separate group of sera.
DISCUSSION
Ticks feeding on humans in the northeastern United States can carry borreliae distinctly different from the B. burgdorferi sensu stricto strain B31. Unlike the situation in Europe, where B. burgdorferi sensu stricto, B. garinii, and B. afzelii have been isolated from humans, only B. burgdorferi strains similar to B31 have been isolated from humans diagnosed with Lyme disease in the United States. Until strains differing from B31 have been isolated from humans in the United States, the ability of these types of borreliae to cause disease will remain unknown. Nonetheless, our study documents that borreliae lacking OspA occur in I. scapularis ticks that have fed on humans. This tick species is the most important vector of borreliae that cause Lyme disease in the United States. It is therefore likely that, at least on occasion, humans are being exposed to these other forms of borreliae.
While markedly different from strain B31, the six OspAnegative isolates from I. scapularis ticks described in this report may still belong to B. burgdorferi sensu stricto. PFGE revealed diversity among the five isolates tested, but all possessed a 135-kbp fragment which presumably is specific for B. burgdorferi sensu stricto (11) . Furthermore, 23S rDNA sequencing showed these isolates to be indistinguishable from B31 (28a), and RFLP analysis of fla and HSP70 genes revealed fragment patterns similar to those of B. burgdorferi sensu stricto (39) .
Although possessing some key characters of B. burgdorferi sensu stricto, the OspA-negative isolates from I. scapularis ticks differ both phenotypically and genetically as well as in their ability to infect laboratory rodents. The absence of OspA and OspB with or without OspD as determined by SDS-PAGE and immunoblotting distinguishes these isolates from all pre- Table 2 ); lane 5, 46794 (see Table 2 ); lane 6, 46047 (see Table 2 Table 2 ); lane 11, 49736 (see Table 2 ); lane 12, 26861 from an I. dentatus tick off of an American robin in East Haddam, Conn.; lane 13, 50-to 1,000-kbp ladder. The fragment patterns showing an absence of RFLP fragments determined with ospA and pG gene probes were unlike the fragment patterns of the three standard species used as controls. An exception was strain 46047, which possessed two fragments that were similar to those of strain ZS7 when the probe was pG. (We previously incorrectly reported a single fragment at 1.7 kbp in isolate 48510 when ospA was used as a probe [1] .) The absence of DNA fragments which hybridize with ospA and LA88 genes in the six isolates from I. scapularis ticks without OspA (both genes are located on the same linear plasmid [37a]) indicates that this specific plasmid is likely missing altogether from these isolates. Additionally, the five isolates without OspA tested by PFGE uniformly lacked the ospA-encoding fragment at about 55 kbp which was evident in the other isolates. Furthermore, the plasmid encoding pG, which is distinct from the plasmid harboring the ospA gene, may likewise be missing from five of the six isolates, or alternatively, the pG gene exhibits only little nucleotide sequence identity with the ZS7 gene; strain 46047 is an exception.
Most strains of B. burgdorferi performed comparably when they were used in an ELISA to detect IgM or IgG antibodies. These results are consistent with those published earlier (26) when a different set of antigens was tested. It is clear that there are marked differences in protein profiles among strains regarding the presence or absence of some key immunodominant antigens, but the ability to detect antibodies to B. burgdorferi by an ELISA is not usually affected. Numerous common antigens are shared among the multitude of B. burgdorferi sensu lato strains described. However, as in previous work (26) , ELISAs with some strains appear to be less sensitive. Aside from normal test variability, there may be substantial differences in antigenic components that have yet to be identified. Changes in antigenic composition can occur naturally or can be a result of subculturing. Moreover, host immune responses vary, and it is unclear how common certain strains of B. burgdorferi are in populations of ticks.
The isolate from the I. dentatus nymph feeding on a human was not genetically analyzed, but its SDS-PAGE and immunoblotting reactions suggest that the isolate is similar to borreliae previously isolated from eastern cottontail rabbits and I. dentatus ticks feeding on cottontail rabbits (4). Although its infectiousness in humans is unknown, our isolation of a borrelia from an unengorged I. dentatus nymph feeding on a human suggests to us that, on at least rare occasions, humans are likely exposed to borreliae that occur naturally in cottontail rabbits. These borreliae have recently been named Borrelia andersonii (28) . a A value of 40 (average titer for negative sera) was used to compute geometric means.
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